Abstract
Background
The ASCOT research initiative (technology-based assessment of skills and competencies in VET) was launched by the Federal Ministry of Education and Research (BMBF) in Germany in 2011. It pursues the objective of measuring vocational competencies which are essential for working in high-quality jobs in a changing working world (BMBF 2012) . The main focus in this article is on electronics technicians in the field of automation technology, who work for companies which develop, manufacture or install automation solutions in the craft trades field (e.g., electrical installation companies, waterworks) or in the trade and industry sector (e.g., automobile and chemical industry, waste disposal industry). Example of their field of work are: looking after automation systems, 1 analyzing functional interconnections and programming automation systems (European Communities 2002) . For the assessment of professional competencies, it is important to offer authentic and complex test situations that are comparable to real-life (working) situations and approachable to practice, improvement and standard setting (Hartig et al. 2008; Shavelson 2010) .
Structures of professional competencies are able to show which subdimensions could theoretically and empirically be separated. These subdimensions indicate the potential to solve specific problem-based tasks and are presumably influenced by curriculumbased learning processes and the confrontation with real-life working tasks. Those seem not only important for the respective markedness but also for their interrelation. The development of professional competencies is not limited to development within individual subdimensions, it also focuses on their relations, whose partial differentiations and processes of integrations during apprenticeship were reported (an overview in Seeber and Nickolaus 2010) . This explains the fact that statements concerning structures of competencies, based on cross-sectional studies, like those in this article, are only a snapshot. From a practical view, information about structures of competencies at the end of apprenticeship are important for: (1) references that show which working specifications have been achieved, (2) which subdimensions should be assessed in a valid fashion and (3) which development needs are important. Assessing professional knowledge in an industrial-technical field at the end of an apprenticeship nearly always shows multidimensional models, whereas the structure using this knowledge in different problem situations is unidimensional (an overview in Nickolaus and Seeber 2013 ). This fact is probably influenced by the assessment of domain-specific problem-solving competencies that focused in previous research only on analytical aspects, like the ability of troubleshooting by prospective car mechatronics technicians or electricians for building technology, because these analytical requirements are very relevant in vocational practice (Becker 2005 ).
An unresolved issue is whether domain-specific problem-solving competencies are unidimensional or multidimensional in the industrial-technical field. We assume, based on task analysis of electronics technicians for automation technology (Zinke et al. 2014 ), a multidimensional structure of domain-specific problem-solving competencies at the end of the apprenticeship.
State of research
The following chapter gives an overview of the structure of professional competencies in the industrial-technical field with a strong focus on domain-specific problem-solving competencies. Important results of neighboring sectors are included.
Studies about the structure of professional competence in the industrial-technical field
With the change of input to learning outcome orientation, the valid assessment of vocational skills and competencies has become more important in the field of vocational education and training. Such assessments are important for comparisons, for generating explanatory models and evaluating educational programs. Analyses have confirmed two subdimensions across domains: Content knowledge, and the ability to use this knowledge in different problem situations (an overview in Nickolaus and Seeber 2013) . Moreover, other differentiations of content knowledge and manual skills as relevant subdimensions are possible.
Operationalization/structure of content knowledge
Modeling content knowledge in the commercial sector was based on case-situations and learning-fields (Rosendahl and Straka 2011) , or based on subject discipline (Seeber 2008) . By contrast, in the industrial-technical field, modeling content knowledge on the basis of different technical areas is common. These content areas are influenced by prioritization of the curriculum contents. Strong indications of these curriculum-based learning processes are mentioned by Gschwendtner (2011) and Schmidt et al. (2014) . There are inconsistent references to modeling content knowledge based on cognitive psychology criteria (declarative and procedural). In the commercial sector, and in the general didactics of technology, declarative and procedural knowledge is empirically separable (Winther 2010; Walker 2013) ; however, it is not in the industrial-technical field (Geißel 2008; Gschwendtner 2008) . This might be due to the operationalization of content knowledge which, in the professional context, always includes declarative knowledge components. The assessment of declarative and procedural knowledge using paper-pencil-tests probably promotes a common scaling of declarative and procedural knowledge.
Operationalization/structure of domain-specific problem-solving competencies
In the industrial-technical field, we define domain-specific problem-solving competencies as the ability to use content knowledge in different problem situations (Nickolaus 2011a) . Content knowledge in the industrial-technical field, is by definition, a necessary condition for solving a domain-specific problem. Trainees and craftsmen in the industrial-technical field are confronted, in vocational practice, with analytical and constructive demand situations (Nickolaus 2011a) . So far, only analytical aspects have been acquired in previous research: for example, troubleshooting in technical systems. The assessment of such analytical competencies is realized with real-life working tasks and authentic computer simulations (Nickolaus et al. 2009 . Domain-specific analytical problem-solving competencies are defined as finding malfunctions and making proposals to correct these defects (Wiedemann 1995; Abele et al. 2014; Walker et al. 2015 Walker et al. , 2016 ). An unresolved issue in the industrial-technical field is, whether such analytical and constructive problem-solving competencies are empirically separable.
Findings for the occupations of car mechatronics and electronics technicians for building technology
Further studies of car mechatronics and electronics technicians for building technology showed only a unidimensional model of content knowledge at the end of the first year of training (Gschwendtner 2008; Geißel 2008) . This structure becomes multidimensional during the process of training: for example, the results at the end of the apprenticeship of electronics technicians for building technology document a three-dimensional structure of content knowledge, which is separated in different technical areas: basic principles of electrical engineering, traditional electrical installation and modern electrical installation with bus technology (Nickolaus et al. 2011) . A similar differentiation (six-dimensional structure) is reported by Gschwendtner (2011) ; this could also be replicated in the field of car mechatronics (Schmidt et al. 2014) .
So far, the importance of content knowledge on domain-specific problem-solving has been reported in all presented analyses between these two subdimensions (r = .61 to .86) of professional competencies (e.g., Gschwendtner 2008; Nickolaus et al. 2011) . At the end of the apprenticeship of electronics technicians for building technology, the correlations between the subdimensions of content knowledge [traditional electrical installation (1), basic principles of electrical engineering (2) and modern electrical installation with bus technology (3)] and analytical problem-solving competencies (4) show only high correlations (r 1,4 = .38; r 2,4 = .67; r 3,4 = .61) if the knowledge subdimension is theoretically relevant to the concrete problem-solving situation (Nickolaus et al. 2011 ). This fact leads to the assumption that electronics technicians for building technology primarily make use of basic principles of electrical engineering and modern electrical installation with bus technology when they solve a problem. This kind of "context specificity", which is relevant for solving concrete situations, is also mentioned in psychological studies (Funke 2003; Jonassen 2000) . Abele et al. (2012) tested the influence of fluid intelligence (Weiß 2006), and content knowledge on the domain-specific analytical problem-solving competencies of car mechatronics and electronics technicians for building technology. The results document that fluid intelligence has only an indirect effect on domain-specific analytical problemsolving competencies ). On the other hand, Petsch et al. (2015) report an direct effect of fluid intelligence on domain-specific problem-solving competencies in the building sector. They assume a great heterogeneity between cognitive basics, and specific test items support this direct effect.
Findings for the occupation of electronics technicians for automation technology
Until last year there had not been any studies which investigated this job profile and there was a lack of instruments for the assessment of professional competencies. New results indicate that it is possible to measure domain-specific constructive problemsolving competencies of electronics technicians for automation technology using a paper-pencil-test, because the test performances with this sort of test are highly comparable (r ≈ .90) to test performances within real-life programming environments (Link and Geißel 2015; Link 2016) . Measuring domain-specific analytical problem-solving competencies is also possible using a simulation of an automated system instead of a real system (r ≥ .90). Here domain-specific analytical problem-solving competencies were operationalized by the ability to find a malfunction in an automated system (Walker et al. 2016) . With these assessment instruments, it is possible to investigate the structure of domain-specific problem-solving competencies. Walker et al. (2015) document a twodimensional structure of domain-specific problem-solving consisting of an analytical and a constructive dimension.
2 This two-dimensional structure remains stable even if the influence of content knowledge and fluid intelligence was controlled. Additionally, for solving analytical and constructive problems (e.g. troubleshooting or programming a programmable logic controller), only the required dimensions of content knowledge were predictive, which are relevant to the problem-solving situation. Fluid intelligence has only an indirect effect on domain-specific problem-solving, mediated by content knowledge.
Studies about the structure of problem-solving competencies in science education and the influence of fluid intelligence and content knowledge
There is evidence for a multidimensional structure of problem-solving competencies in the PISA study, where multidisciplinary static problem situations (information disclosed to the problem solver is complete) were assessed (Leutner et al. 2012) . They define problem-solving competencies as "an individual's capacity to use cognitive processes to confront and resolve real, cross-disciplinary situations where the solution path is not immediately obvious" (OECD 2004) . Multidisciplinary problem situations means, in this context, that these problems are related to mathematics, reading and science, and that, to solve these problems, the content area is not attached to only one single subject area of mathematics, science or reading . Furthermore, static problem-solving is highly correlated with mathematics (r = .89), science (r = .80) and reading (r = .82) but empirical a standalone construct (Leutner et al. 2012 ). In addition, there are a direct and an indirect effect of static problem-solving on math (β indirect = .38; β direct = .12) and science (β indirect = .33; β direct = .17) at the end of tenth grade (Leutner et al. 2006) . Similar results were observed for the fluid intelligence, but the direct and indirect effects on math (β indirect = .19; β direct = .11) and science competencies (β indirect = .15; β direct = .09) were marginal (Leutner et al. 2006) . Static problem-solving, as assessed in PISA 2003, is a three-dimensional construct, consisting of system analysis and design, trouble-shooting, and decision-making; but these subdimensions are also highly correlated (r = .73-.93) (Leutner et al. 2012 ). Studies about domain-specific problem-solving in science education are only partially available. A study by Scherer and Tiemann (2012) in chemistry education is based on the above mentioned PISA framework. They analysed the relationship between different components of problem-solving and strategy knowledge with a virtual environment, where students should solve interactive and static problems (Scherer and Tiemann 2012) . At first, a unidimensional structure of chemistry-specific problem-solving was assumed, but this could not be confirmed. Instead, strategy knowledge can be distinguished from problem-solving competencies (Scherer and Tiemann 2012) . As covariates for problem-solving competencies, only domain-specific prior knowledge, fluid intelligence, and computer familiarity are significant predictors. The knowledge of problemsolving strategies was not predictive. Overall, the regression-model explained 14.5 % of variance (Scherer and Tiemann 2012) .
Research aims
The main research aim is to analyse which structure of domain-specific problem-solving competencies could be supported. Therefore, a theoretical framework was developed based on the reported state of research and is shown in the following Fig. 1 .
There is a direct effect of fluid intelligence on domain-specific analytical and constructive problem-solving competencies (a) and on content knowledge (b). This direct effect of fluid intelligence on content knowledge is only partially in agreement with earlier related research in technical-vocational and science education. On the one hand, some studies in science education document a direct effect of fluid intelligence on domainspecific problem-solving competencies (e.g., Scherer and Tiemann 2012) . On the other hand, most studies in industrial-technical fields do not report such an effect Nickolaus et al. 2012) , with exception of Petsch et al. (2015) , who report the influence of fluid intelligence on domain-specific problem-solving competencies in the field of VET. In conclusion, it is unclear if there is a direct effect of fluid intelligence on the domain-specific problem-solving competencies of electronics technicians for automation technology.
Furthermore, content knowledge is separated in different technical areas that are related (c). We suggest three subdimensions for content knowledge on the basis of findings in the field of mechatronics and task analyses of electronics technicians for automation technology. These three subdimensions are: basic principles of electro technology (BP) (e.g., direct and alternating current, safety regulations), electrical engineering (EE) (e.g., drive technology, electrical installation) and automation with programmable logic controllers (AT/PLC). Additionally, there is a direct effect of these separate context-subdimensions on domain-specific analytical and constructive problem-solving competencies (d), which are related, but standalone (e). The fact that content knowledge is predictive for domainspecific problem-solving competencies was shown in earlier studies in vocational and science education (e.g., Seeber and Nickolaus 2010; Nickolaus et al. 2012; Scherer and Tiemann 2012) . In particular, the above-mentioned fact of the task analyses and the findings in the field of interdisciplinary problem-solving suppose a two-dimensional structure of domain-specific problem-solving competencies.
Hypotheses
Based on the previous chapter, the following hypotheses are in the focus: H1: Modeling the structure of domain-specific problem-solving shows a correlated, but separable, two-dimensional structure of domain-specific problem-solving, consisting of an analytical and a constructive dimension (H1.1), even if content knowledge and fluid intelligence are included in the model (H1.2).
H2:
Because of the context-specificity of domain-specific problem-solving, only knowledge areas, which are relevant to the problem-solving situation, should be predictive for solving analytical and constructive problems.
H3:
If content knowledge is included in the model, fluid intelligence has only an indirect effect on domain-specific problem-solving, mediated by content knowledge.
Methods

Participants
We tested 211 electronics technicians for automation technology predominantly at the end of their apprenticeship (99.0 % are in the third or fourth year of training). The average age of the participants is M = 20.32 years (SD = 2.11); 90.5 % of the apprentices are male and were doing their apprenticeship in the industrial sector (81.6 %; craft sector = 18.4 %). Most of the trainees (69.2 %) have a basic secondary school certificate (Realschulabschluss). 25.1 % have an upper secondary school leaving certificate (Gymnasium).
Instruments
To ensure the evidence of validity based on the test content, we integrated experts in the field [teachers, trainers and auditors of the Chamber of Industry and Commerce (IHK)] in the development process of the instruments (AERA 2014; Haladyna and Rodriguez 2013) . Based on the theoretical framework of professional competencies presented in Fig. 1 , we developed instruments for content knowledge, domain-specific analytical and constructive problem-solving competencies. An extensive overview of all instruments can be seen in: van Waveren and Nickolaus (2015); Link and Geißel (2015) ; Link (2016); Walker et al. (2015 Walker et al. ( , 2016 .
Domain-specific analytical and constructive problem-solving competencies
The approach to measuring domain-specific analytical and constructive problem-solving competencies was a set of realistic problems with the focus on professional activities such as programming (constructive problem-solving) and troubleshooting a programmable logic controller (PLC) (analytical problem-solving). The development of the items was based on the structure of the control program based on Benda (2008) . Following this approach for both domain-specific problem-solving competencies, items regarding the operating mode, the step chain and output routine were developed. In total, eight troubleshooting scenarios and eight programming scenarios were generated per problemsolving competence. To measure the analytical problem-solving competence, we used a simulation (Fig. 2, Walker et al. 2016 ). The development process was made in accordance with Funke and Reuschenbach (2011) . Figure 2 shows, in the lower left corner, a control panel to operate the automation system (e.g., start and stop the system). The current state of the PLC could be seen in top left corner. It is possible to check the current state of all actors and sensors and enlarge selected components via mouse clicks on the right main screen. By clicking on "Simatic" in the main screen, the control program can be opened and observed in real-time processing just like in a real automation system. The reliability of the analytical problemsolving instrument is SEM-Reliability 3 = .75.
In the constructive problem scenario, the apprentices had to program a certain part of the control program of a PLC in a complex automation system where parcels were transported by a belt conveyor, measured by sensors and sorted by a pick-and-place unit with a vacuum gripper (Link 2016) . Figure 3 shows the logical functions of an item in two common programming languages: the one on the left is more graphically oriented and is called "function block diagram" (FBD) ; the other, on the right, is more textual and referred to as "statement list" (STL) . In this item, the variables and logic gates for a counter and a signal lamp had to be programmed. The reliability of the constructive problem-solving instrument is SEM-Reliability = .83.
Content knowledge
In accordance with the theoretical framework of professional competencies, the items of the content knowledge test cover a three-dimensional content specific structure, consisting of the dimension of automation/PLC (AT/PLC), electrical engineering (EE) and basic principles of electro technology (BP) (van Waveren and Nickolaus 2015) . The latent correlations between the subdimensions are high (EE and BP is r = .89, between AT/PLC and BP r = .87 and between r = .83) but standalone. The reliability of the test is about EAP/PV-Reliability = .72 across all dimensions (van Waveren and Nickolaus 2015) .
Fluid intelligence
Due to the extensive duration of the tests for professional competencies (see below), we measured fluid intelligence only with part one of the CFT 20-R (Weiß 2006), i.e., the subset of continuing logical progressions, classifications, matrices and topologies were administered. The related loss of reliability from r tt = .95 (part one and two together) to r tt = .92 (only part one) seems acceptable considering the reduction of the test duration (Weiß 2006).
Research design and testing procedure
The duration for testing all components of the professional competencies required 2 days. On the first day, the instruments for fluid intelligence, content knowledge and constructive problem-solving competencies were applied (duration 4.5 h). Analytical problem-solving competencies were tested on day two (duration 4.5 h). To avoid position effects, we used a booklet-design (Frey et al. 2009 ). Analytical and constructive problem-solving competencies were tested in a cross-over-between and within subject design (Ratkowsky et al. 1993; Jones and Kenward 2003) . 
Statistical procedures
All the latent analyses were obtained by using Mplus. For identification of the structural equation models, we fixed the variance of the latent variable to one, and for models with ordinal items the WLSMV estimators were chosen (Muthén and Muthén 1998-2010) 
Results
As shown in Table 1 , the fluid intelligence of the tested participants is slightly higher than the average (standardized to mean 100). The results for content knowledge are EAP/PV estimators.
With regard to content knowledge, differences between the three dimensions become obvious. The negative mean 4 of the AT/PLC knowledge-dimension indicates that the items of this dimension were too difficult for the apprentices at the end of their training. van Waveren and Nickolaus (2015) were also able to be replicate these results in a larger sample of n = 878 electronics technicians for automation technology at the end of their apprenticeship (van Waveren and Nickolaus 2015; Walker et al. 2016) . For the other two dimensions (Table 1, EE and BP) , the ease of the items match the mean knowledge of the apprentices. Following the hypothesis H1.1, we expected that a two-dimensional structure of domain-specific problem-solving competencies would better fit the data than a unidimensional model. Therefore, we compared these models (Table 2 on following page, M1 and M2). The likelihood ratio (LR) test supported our assumption for H1.1 and the twodimensional model M1 (Table 2, Considering that the latent correlation between analytical and constructive problemsolving is high (r = .77) (Fig. 4) in addition to the result of the LR test, it is evident that analytical and constructive problem-solving competencies have substantial common variance but are empirically separable dimensions.
To test the hypothesis H1.2, we included the manifest person ability scores of the three dimensions of the content knowledge as predictors in the two-dimensional and 4 The knowledge scales are logarithmic and their means are zero. unidimensional model of domain-specific problem-solving (Table 2, M3 and M4) .
5 Analogously to hypothesis H1.1, we compared the fit of the two-dimensional with a unidimensional model of domain-specific problem-solving. And again, the results of the LR test supported the two-dimensional model of domain-specific problem-solving M3 (Table 2, comparison of M3 and M4, Δχ 2 (4) = 48.22, p < .001). After the integration of the three dimensions of the content knowledge, the latent correlation between analytical and constructive problem-solving declined from r = .77 to r = .62, which highlights the need of differentiation between these two dimensions of domain-specific problem-solving (Fig. 5) .
Finally, to test hypothesis H1.2, we included fluid intelligence in the models M3 and M4 and compared the fit using the LR test. Despite the integration of content knowledge and fluid intelligence, the two-dimensional model of domain-specific problemsolving fitted the data better after all (Table 2, The high correlations between the dimensions occurs because the manifest EAP estimation are shrunken towards each other. This overestimation should not be interpreted (Chen et al. 1998) .
the stability and the distinctiveness of the analytical and constructive problem-solving competencies.
Our second research question affected the influence of the dimensions of content knowledge on the domain-specific problem-solving competencies. It was assumed, that for solving analytical and constructive problems (e.g. troubleshooting or programming a PLC), only the required dimensions of content knowledge were predictive, which are relevant to the problem-solving situation (e.g. the content knowledge Dimension AT/ PLC and not BP) (H2). As Figs. 4 and 5 showed, only the dimension of automation and programmable logic controller (AT/PLC) was predictive for solving analytical and constructive problems. The dimension of AT/PLC explained 35 % of the variance in the constructive, and 46 % of the variance in the analytical problem-solving competency (Fig. 5) . These explanation patterns also remained stable after the integration of fluid intelligence into the structural model (Fig. 6) . Induced through the addition of the fluid intelligence, the explained variances of the constructive (40 %) and analytical (51 %) problem-solving competencies increased slightly.
Referring to our third research question (H3), fluid intelligence had, not as assumed, a significant direct path to domain-specific analytical and constructive problem-solving competencies. This finding is in line with the results of Fischer et al. (2015) . Furthermore, Fig. 6 showed that the influence of fluid intelligence compared to the influence of the dimension AT/PLC on the problem-solving dimensions is noticeably lower.
Discussion and conclusion
The results document a two-dimensional structure of domain-specific problem-solving competencies, which is represented through both an analytical and a constructive subdimension. These subdimensions remain stable even if fluid intelligence and the three-dimensional content knowledge were integrated. In view of the fact that these two domain-specific problem-solving dimensions are empirically separable but correlated, these results have implications for designing the final examination at the end of the apprenticeship. To ensure the evidence for validity based on test-content of the final exam, both subdimensions of domain-specific problem-solving competencies have to be included in an appropriate amount. The high influence of context-specific knowledge dimensions on analytical and constructive problems emphasises the importance of content knowledge for domain-specific problem-solving. Practical implications for teaching structures can also be drawn from the two-dimensional domain-specific problem-solving structure in a manner that both dimensions have to be supported during the teaching process. Furthermore, it is important to ensure that the context-specific knowledge has also been taught. In perspective, the simulation for measuring domain-specific analytical problem-solving could also be integrated in the teaching process. As reported, it is possible to represent industrial programmable logic devices and automation systems via the simulation authentically. Despite of the correlation between the analytical and constructive problem-solving competencies and the similar context (problem-solving in an industrial automation system), the underlying process for solving analytical and constructive problems seems to be disjunctive.
With regard to the transferability of the results concerning the two-dimensional structure of domain-specific problem-solving into other vocational domains, a differentiated consideration is necessary. We assume that the structure of domain-specific problemsolving competence depends on the domain-specific tasks. A replication of these results in the occupation of car mechatronics might be doubtful, because of the smaller range of domain-specific tasks concerning constructive problem-solving competencies. For vocational domains which are more closely related to the occupation of electronics technicians for automation technology, e.g. mechatronic technicians or electronics technicians for industrial engineering, a two-dimensional structure of domain-specific problemsolving seems more likely.
For the occupation of electronics technicians for automation technology at the end of their apprenticeship, fluid intelligence was primarily responsible for the gain of content knowledge. In contrast to our assumption, fluid intelligence was also predictive for solving domain-specific analytical and constructive problems, which is in line with findings of static problem-solving competence in the PISA study. For further research we see, inter alia, the following desiderata: a. A replication-study in which the domain-specific analytical problem-solving competence covers not only troubleshooting a programmable logic controller (software) but also include troubleshooting in hardware (e.g., broken conductors and faulty sensors or actuators). Additionally a replication of the (two-dimensional) structure for problem-solving in vocational domains (e.g., mechatronic technicians) is also indicated. b. How far the actual design of the final exam at the end of the apprenticeship in the occupation of electronics technicians for automation technology is suited to provide reliable and valid measures of professional competencies remains unclear. The recent research suggests, that there are substantial variances in the final exams (van Waveren and Nickolaus 2015; Abele 2014; Nickolaus 2011b ). c. For the development and optimization of approaches which support domain-specific problem-solving competencies, detailed knowledge about the underlying processes during analytical and constructive problem-solving is required. Interesting points of reference for such process analyses and approaches are provided by the researchers Konradt (1995), Schaper (2000) , Hochholdinger et al. (2008) and Hochholdinger and Schaper (2013) .
